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COMMENTARY



Correction for ‘‘Icy insights from emperor penguins,’’ by Colleen Cassady St. Clair and Mark S. Boyce, which appeared in issue 6, February 10, 2009, of Proc Natl Acad Sci USA (106:1691–1692; first published February 4, 2009; 10.1073/pnas.0812940106).



The authors note that due to a printer’s error in the Fig. 1 legend, the two panels were credited incorrectly. The corrected legend and its figure appear below.



Fig. 1. Life cycle for emperor penguins at Terre Ade´lie, Antarctica. Survival probability is Si for stage i. Minimum age at first breeding was 3 years; once recruited, birds reproduce annually with probability Sa Pb, where Pb is the proportion of breeders. BS is overall breeding success. Translation of this life cycle into a population projection matrix was described by Jenouvrier et al. (13). In the current article, Jenouvrier et al. (2) link past demographic responses to warm years to IPCC models of projected climate change to predict a persistent decline in the emperor penguin population at Terre Ade´lie and a 36% likelihood of extinction by 2100. [Photo of emperor penguins by Gordon Court. Population model reproduced with permission from Jenouvrier et al. (13) (Copyright 2005, Ecological Society of America).] www.pnas.org兾cgi兾doi兾10.1073兾pnas.0901386106



Correction for ‘‘Reprogramming of murine and human somatic cells using a single polycistronic vector,’’ by Bryce W. Carey, Styliani Markoulaki, Jacob Hanna, Kris Saha, Qing Gao, Maisam Mitalipova, and Rudolf Jaenisch, which appeared in issue 1, January 6, 2009, of Proc Natl Acad Sci USA (106:157–162; first published December 24, 2008; 10.1073兾pnas.0811426106). The authors note that on page 157, in the right column, the heading, ‘‘Generation of Mouse Ips Cells Using a Single Polycistronic Virus,’’ should instead read: ‘‘Generation of Mouse iPS Cells Using a Single Polycistronic Virus.’’ On page 158, right column, in line 5 of the first paragraph and line 6 of the second paragraph, ?8 should instead appear as ⬇8. On page 159, left column, line 9 of the second paragraph, the sentence ‘‘This is two orders of magnitude lower than that of ‘secondary’ fibroblasts or B cells carrying preselected DOX-inducible proviruses (19),’’ should read: ‘‘This is one to two orders of magnitude lower than that of ‘primary’ infected fibroblasts (3, 7).’’ Also on page 159, in the right column, the heading, ‘‘Generation of Human Ips Cells Using a Single Polycistronic Virus,’’ should instead read: ‘‘Generation of Human iPS Cells Using a Single Polycistronic Virus.’’ Finally, on page 160, in the first paragraph of Materials and Methods, the sequence for the P2A peptide “GCCACGAAGCAAGCAGGAGATGTTGAAGAAAACCCCGG GCCT” should instead read “GCCACGAACTTCTCTCTGTTAAAGCAAGCAGGAGATGTTGAAGAAAACCCCGGGCCT.”



CELL BIOLOGY



Correction for ‘‘PGC-1␣ is coupled to HIF-1␣-dependent gene expression by increasing mitochondrial oxygen consumption in skeletal muscle cells,’’ by Kathleen A. O’Hagan, Sinead Cocchiglia, Alexander V. Zhdanov, Murtaza M. Tambawala, Eoin P. Cummins, Mona Monfared, Terence A. Agbor, John F. Garvey, Dmitri B. Papkovsky, Cormac T. Taylor, and Bernard B. Allan, which appeared in issue 7, February 17, 2009, of Proc Natl Acad Sci USA (106:2188–2193; first published January 28, 2009; 10.1073兾pnas.0808801106). The authors note that the author name Murtaza M. Tambawala should have appeared as Murtaza M. Tambuwala. The online version has been corrected. The corrected author line appears below. Kathleen A. O’Hagan, Sinead Cocchiglia, Alexander V. Zhdanov, Murtaza M. Tambuwala, Eoin P. Cummins, Mona Monfared, Terence A. Agbor, John F. Garvey, Dmitri B. Papkovsky, Cormac T. Taylor, and Bernard B. Allan www.pnas.org兾cgi兾doi兾10.1073兾pnas.0901252106



www.pnas.org兾cgi兾doi兾10.1073兾pnas.0900269106
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Icy insights from emperor penguins Colleen Cassady St. Clair1 and Mark S. Boyce Department of Biological Sciences, University of Alberta, Edmonton, Canada T6G 2E9



A



lmost 100 years ago, 3 stalwart members of Scott’s Polar Expedition marched into the darkness of the Antarctic winter on what would become known as The Worst Journey in the World (1). Their goal was to recover the eggs of emperor penguins whose embryos might reveal important insights about the nowdefunct theory that ontogeny recapitulates phylogeny. The men walked 108 km in temperatures as cold as ⫺60 °C to reach the eggs, just as emperor penguins have done for millennia. Although 3 preserved eggs survived the journey, British embryologists dismissed their evolutionary insights. In this issue of PNAS, Jenouvrier et al. (2) reveal another kind of insight from emperor penguins: the population consequences of changes in sea ice that might forecast the fates of dozens of other species in the coming century. Emperor penguins journey from the Antarctic oceans where they forage to breeding colonies on the landfast ice. There, they court, mate, and produce a single egg, which male penguins incubate on their feet for most of the 2-month gestation. Females journey back to the ocean to forage, returning to regurgitate seafood just as the hungry chicks hatch. In the ensuing weeks, both parents make multiple trips to the ocean to feed their growing chicks which, ideally, fledge as the melting ice edge approaches the breeding colony and food abundance peaks in the austral summer (3). The success of the emperors appears to be critically dependent on the extent of the sea ice. When there is too much ice, hatching success declines (4), perhaps because females take too long to journey to and from the ocean and males abandon their eggs to save themselves from starvation. When there is little ice, adult mortality increases (4), perhaps because declining sea ice reduces the production of krill (5), which is the keystone of the Antarctic food web for emperors and many other species (6). The reason why krill depend on sea ice is not fully understood (5). One possibility is that melting glaciers reduce the salinity of seawater to favor smaller cryptophytes over larger diatoms in the phytoplankton community, causing a shift from krill to less nutritious salps in the zooplankton (7). The relationship emperors exhibit between population success and sea ice (4) is also exhibited by other seabirds (8) www.pnas.org兾cgi兾doi兾10.1073兾pnas.0812940106



Fig. 1. Life cycle for emperor penguins at Terre Ade´lie, Antarctica. Survival probability is Si for stage i. Minimum age at first breeding was 3 years; once recruited, birds reproduce annually with probability Sa Pb, where Pb is the proportion of breeders. BS is overall breeding success. Translation of this life cycle into a population projection matrix was described by Jenouvrier et al. (13). In the current article, Jenouvier et al. (2) link past demographic responses to warm years to IPCC models of projected climate change to predict a persistent decline in the emperor penguin population at Terre Ade´lie and a 36% likelihood of extinction by 2100. Photo of emperor penguins reproduced with permission from ref. 13 (Copyright 2005, Ecological Society of America). Population model from Jenouvrier et al. (13).



and several marine mammals (9, 10). Although the sign and magnitude of these relationships varies among species (8), changes in sea ice extent are typically linked to prevailing sea surface temperatures, which are determined by patterns of global circulation. In the Antarctic, the Southern Oscillation produced an unusually warm year each 5 or 6 years through much of the last century (11), but climate change appears to be increasing the frequency, duration, and magnitude of warm phases in this and other oscillations (12). The ubiquity of climate-mediated changes to marine food webs and the extraordinary time series of breeding data available for emperor penguins (4) give this new model by Jenouvrier the potential for far-reaching insights. The authors combined what is known about past responses by emperor penguins to variation in sea ice extent with projections about global climate to predict the future of the colony at Terre Ade´lie (2) (Fig. 1). They obtained climate forecasts from 10 Intergovernmental Panel on Climate Change (IPCC) models, categorized each into a series of warm and normal years based on various sea ice thresholds, and then modeled stochastic population projections based on the frequency of warm year events. The results indicate precipitous declines in the population by 2100 with a 36% likelihood of extinction.



The analyses (2) hinge on extrapolating the consequences for emperor penguins of a regime shift that occurred between 1972 and 1981, a period with unusually low sea ice extent that corresponded to a 50% decline in the emperor penguin population at Terre Ade´lie (2, 4). Jenouvrier et al. use this period to categorize the time series of emperor penguin reproduction into normal and warm years and then identify the thresholds at which deviations from normal could generate the same frequency of warm years (10 of 56 years or 18%) in the IPCC models. The standardized deviations needed to produce this frequency of warm years ranged from tiny (2%) to substantial (32%), but all of the models predicted increasing frequency of warm years and concomitant decreases in sea ice extent. Comparable to their previous work (13), Jenouvrier et al. (2) used two projection matrices for their population model, each with 5 prereproductive age classes as well as breeding and nonbreeding adults. The model employs field data from a near-annual record that began in 1952, balancing details in
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to whom correspondence should be addressed. E-mail: [email protected].



PNAS 兩 February 10, 2009 兩 vol. 106 兩 no. 6 兩 1691–1692



vital rates against the sampling error inherent in such data. Without this remarkable long-term dataset the authors would not have been able to estimate all of the vital rates necessary for their demographic projections—previous attempts at population viability analysis have been criticized for failing to consider sampling error (14, 15). Although the model assumes that cohorts diminish in size only by mortality, and that any individual in the population could theoretically live ‘‘forever,’’ senescence is functionally contained in the adult survival term of the model with no real consequences for population dynamics. These population projections for penguins are realistic. The 10 IPCC models, which span a 200-year period between 1900 and 2100, were selected to match the actual surface ice information measured by satellites (2) in the actual foraging area used by the penguins (16). There is little doubt that the world will warm for emperor penguins and sea ice will diminish. Moreover, the models are based on the demographic responses of emperors to the warming that occurred in the 1970s; future warming events are 1. Cherry-Garrard A (1922/1989) The Worst Journey in the World (Carroll and Graf Publishers, New York). 2. Jenouvrier S, et al. (2009) Demographic models and IPCC climate projections predict the decline of an emperor penguin population. Proc Natl Acad Sci USA 106:1844 –1847. 3. Williams TD (1995) The Penguins (Oxford Univ Press, New York). 4. Barbraud C, Weimerskirch H (2001) Emperor penguins and climate change. Nature 411:183–186. 5. Loeb VJ, et al. (1997) Effects of sea-ice extend and krill or salp dominance on the Antarctic food web. Nature 387:897–900. 6. Murphy EJ, et al. (2007) Climatically driven fluctuations in Southern Ocean ecosystems. Proc R Soc London Ser B 274:3057–3067.



relies on the prediction of climate for 100 years. Ecologists and meteorologists are notoriously poor at predicting the future. An accumulation of estimation errors makes projections increasingly tenuous in the distant future, highlighting the importance of ongoing monitoring of population responses to current climate conditions (17). A second limitation is the binary depiction used to categorize the variability of temperature and sea ice extent into warm and normal years. Although this is a helpful simplification for population modeling,



both sea surface temperatures and sea ice extent vary continuously and a categorical response to them may not be realistic. In sum, the authors use an extraordinary time series to provide what may be the best example to date of a prediction of population trends based on climate projections. Their model paints a chilling picture for the future of emperor penguins. The next step will be to elucidate the mechanisms that link sea ice extent and population declines. Such understanding is needed if ecologists are to predict the diverse and paradoxical effects of climate change (17). In the southern oceans, those mechanisms likely hinge on krill productivity (5, 7) cascading through entire food chains. Emperors, near the top of the food chain, are likely foreshadowing the fates of dozens of other Antarctic species (8). Although these primitive birds did not reveal much about phylogeny 100 years ago, breeding records over half of the ensuing century have made them excellent harbingers of the ecological effects of climate change to come.



7. Moline MA, et al. (2004) Alteration of the food web along the Antarctic Peninsula in response to a regional warming trend. Global Change Biol 10:1973–1980. 8. Croxall JP, et al. (2002) Environmental change and antarctic seabird populations. Science 297:1510 – 1514. 9. Moore SE, Huntington HP (2008) Arctic marine mammals and climate change: Impacts and resilience. Ecol Appl 18:S157–S165. 10. Hunter C, et al. (2007) Polar Bears in the Southern Beaufort Sea II: Demography and Population Growth in Relation to Sea Ice Conditions (U.S. Geological Survey, Reston, VA), U.S. Geological Survey Administrative Report. 11. Zhang Y, et al. (1997) ENSO-like interdecadal variability: 1900 –93. J Climate 10:1004 –1020.



12. Thompson DWJ, Solomon S (2002) Interpretation of recent Southern Hemisphere climate change. Science 296:895– 899. 13. Jenouvrier S, et al. (2005) Long-term contrasted responses to climate of two Antarctic seabird species. Ecology 86:2889 –2903. 14. Ludwig D (1999) Is it meaningful to estimate a probability of extinction? Ecology 80:298 –310. 15. Barbraud C, et al. (2008) Are king penguin populations threatened by Southern Ocean warming? Proc Natl Acad Sci USA 105:E38 (lett). 16. Zimmer I, et al. (2008) Foraging movements of emperor penguins at Pointe Geologie, Antarctica Polar Biol 31:229 –243. 17. Berteaux D, et al. (2006) Constraints to projecting the effects of climate change on mammals. Climate Res 32:151–158.



predicted to be more extreme with, presumably, even more pronounced effects on Antarctic food webs. Notwithstanding the considerable strengths of this work, there are a couple of limitations. First, the projection



There is little doubt that the world will warm for emperor penguins.
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